Among the principal damage modes in composite laminates, is delamination. Design details, such as free, straight or curved, edges, induce large local out-of-plane loads, generating interlaminar stresses. In the present work, the effect of ply thickness and the angle between two adjacent layers on the interlaminar stresses developed at the vicinity of straight and curved free edges in composite laminates under thermomechanical loading is examined. The results are obtained by the application of a 3-dimensional Finite Element Analysis.
INTRODUCTION
One of the major problems in designing with composite materials is the prediction of delamination onset and growth. Delamination is mostly due to interlaminar stresses. The problem of delamination initiation and propagation was at first studied analytically and experimentally. Hayashi in 1967 [1] presented the first analytical model treating interlaminar stresses in what has come to be known as the free-edge problem. After that, several works, both analytical and numerical have been made in order to calculate and predict interlaminar stresses in thermally and/or mechanically loaded laminates in the presence of and due to straight and curved free edges. An analytical presentation of the attempts done until 2004 can be found in two relevant review surveys [2] [3] . Among the early significant works should be comprehended the one presented by Pagano and Soni [4] . A fracture analysis approach of the delamination problem, using the stress distribution of interlaminar stresses s z and t xz at the straight edges of a uniaxial loaded coupon to calculate the energy release rate as a delamination onset criterion, is presented by Wang [5] . The aim to reduce free-edge effect has been proved fundamental in the effort to eliminate delamination onset and growth. A study of reduction free-edge effect by edge modification is presented by Sun & Chu (1991) [6] .
The present work focuses on the calculation of the arising interlaminar stresses near the straight and curved edges of commercial carbon/epoxy composite laminates subjected to compression loading and aims to be a step in an investigation of the free edge effect elimination possibilities, so that an avoidance of the presence of delamination to be achieved. The available MSC/NASTRAN code has been used in order to apply the Finite Elements Method (FEM) for the interlaminar stresses calculation in all the studied cases. The interlaminar stresses are calculated more accurately by taking into account the out of plane Poissons ratio that affects significantly the generation of interlaminar stresses, which is calculated using the model proposed by Philippidis and Theocaris [7] instead of assuming its value [1] [2] . The effect of ply thickness in the magnitude of arising stresses is examined by applying the FEM analysis to [0/90] 2s and [0 2 /90 2 ] s laminates. The angle between the laminate plies has been proved to be a strong factor for the interlaminar stresses development. This effect is studied using a set of [±q] 2s composite laminates (q = 0°, 15°, 30°, 45°, 60°, 75° and 90°). The calculation of all free edge interlaminar stresses in all composites systems is then used to study the stresses variation with plies angle. Thus a useful conclusion is drawn, which relates design parameters such as the ply thickness and the adjacent ply orientation to the magnitude and shape of the interlaminar stresses expected to arise. This conclusion could be then used by a laminate designer for the reduction of the free edge effect.
NUMERICAL PROCEDURE
The 3-dimensional stress analysis problem is one of the most complicated problems in elasticity. Analytical determination of stress distribution in a plate following the classical theories of Muskhelishvili and Lekhnitskii leads to a system of 9 partial differential equations. A closed form solution of this system is complex to be derived. In order to calculate the out of plane stress distribution due to in plane compression loading MSC/NASTRAN Code has been used.
3-Dimensional anisotropic elements were used to generate the plate with stress concentration locations (notches) meshing, as shown in Fig. 1 . Due to the symmetry of the laminate one quarter is studied. Boundary conditions are imposed through the essential constraints, which are: In x-direction, all the nodes along the bottom edge (symmetry plane) are not permitted to move parallel to the y-axis, except of the mid-plane nodes which are restricted to move also parallel to the z-axis. In y-direction, all the nodes of the right edge are permitted to move parallel to yand z-axes but the displacement along x-axis is restricted. Also, for the mid-planes nodes, displacement along z-axis is restricted. The nodes of the mid-plane at the notch boundaries are fixed. Mesh size has been increased near the free edge of the composite plate by a 3/1 ratio, following a procedure proposed in the literature by previous researchers, see refs [8] [9] . An examination of the mesh size effect showed that by increasing the number of elements across the z-direction no significant effect appears at the magnitude or the shape of interlaminar stresses, as normally would be expected [8] . This observation has been ascribed to the total laminate thickness which is 1 mm. Thus, the commercial code numerical accuracy is balanced with the model (mesh size) accuracy. The mesh consists of 3840 elements with 4725 nodes. The meshing across the z-direction is uniform, with one element per ply. This procedure has been followed for all composite systems. For example, in the case of [0/90] 2s laminate the 0° ply is modelled with 1 element across the z-direction, while in the case of [0 2 /90 2 ] s laminate the same ply is modelled by 2 elements since its thickness is double.
The material used is the AS-3501-06 carbon/epoxy composite system. The mechanical properties of this system are shown in Table 1 : AS-3501-06 carbon/epoxy material ply properties [5] .
Thus v 23 takes the value of 0.3 while G 23 is calculated assuming that the ply is isotropic at the 2-3 plane. G 23 is the given by equation (2) taking the value of 4.23 GPa:
( )
Loading conditions in all cases are comprised by a thermal load set due to the temperature difference of 125 °C and a 2kN mechanical compression force distributed along the upper surface of the laminate (Fig.1 ). The compression loading was chosen because it is expected that higher interlaminar stress will be arise due to the Poissons effect. In the case of thermomechanical exhaustion both thermal and mechanical loads were applied.
Nine different composite systems, containing a 3-mm radius circular opening, were examined. The ply thickness effect on the interlaminar stresses development was studied using two cross 
RESULTS

Thickness Effect
The first parameter studied that affects the magnitude of the developed interlaminar stresses in composite laminates containing a circular notch is the ply thickness. Two different cross-ply lay ups were used and the resulting interlaminar stresses were calculated by the finite elements code. The results are presented in Figs. 2 and 3. In Fig. 2 the interlaminar stresses arising at the curved edge, i.e. the boundary of the embedded circular notch, are presented as a function of the z-thickness dimension. The normal interlaminar stress, s z , reveals a symmetric shape with respect to the laminates mid-plane, while interlaminar shear stresses, t yz and t xz show an antisymmetric distribution with respect to the mid-plane. In the case of normal interlaminar stress it takes negative values along the major part of z-thickness. Only near the top and bottom plate surfaces inverts to positive values which are relatively low in comparison to the shear stresses. Regarding the interlaminar shear stresses, t yz is negligible, while t xz takes higher values among all the three stress components.
In Fig.3 the interlaminar stresses arising at the straight edge of the laminates are presented along the zthickness of the laminate. The remarks concerning the stress distributions shapes that were drawn in the case of the curved edge are valid also here. Thus, s z shows a symmetric distribution along the thickness of the laminate with respect to the mid-plane, while interlaminar shear stresses develop in an antisymmetric manner with respect to mid-plane. An important difference between the straight and curved edges is that in the case of straight edge t yz is higher than t xz , while the normal stress remains at low values. The interlaminar stresses arising both at straight and curved edges exhibit similar behaviour in both composite systems studied although differing in the magnitude. 
Angle Effect
The second parameter examined about its effect on the free edge stresses development was the angle between two adjacent layers. It has been accepted that the major cause of the free edge effect is the difference of the ply properties between adjacent plies [2, 3] . In order to conclude with the best possible accuracy on the angle effect seven different composite systems were studied. It can be observed that the maximum normal interlaminar stress, s z , at the curved edge appears when q is equal to 45° following closely by the q value of 30°. This quantity at the straight edge reaches a maximum at q = 60°, although is general lower than the stress arising at the curved edge.
Interlaminar shear stress, t yz , (Figs. 8 and 9 ) takes the lower values among all three stress components.
Appears maximum at q = 60° at the curved edge and at q= 30° at the straight edge. The second interlaminar stress, t xz , (Figs. 6 and 7) appears to be equally crucial to the normal one, taking its higher values both at the notch boundary and at the straight edge when q = 60°. A comparative diagram showing a trend of all interlaminar stresses distributions with respect to the angle between the adjacent plies is presented in Fig.  10 . In the diagram it is shown clearly that the crucial interlaminar stresses arising at the notch boundary are the normal s z and the shear t xz . At the laminates edge the interlaminar shear stress t yz is reaching higher values than the other two components in the range between 0° and 90°. In the following, the stresses arising at the notch boundary are discussed in details, since they appear to be the higher between all the stress components. The worst case among the examined lay-ups seems to be the off axis loading cross-ply system, i. off-axis loaded angle ply laminates with the angle between the neighbouring layers being equal to 60°a nd 120° high values of the stresses develop. Particularly, in the 60° case the normal stress is almost equal to the t xz and both are of the higher stresses arising in all the studied cases, while in the 120° case t xz takes its maximum value with the s z being lower but steel crucial. In the remaining cases studied the interlaminar stresses appear lower values.
DISCUSSION
Nine different composite systems under unidirectional in-plane compression loading were studied in order to conclude on the effect of the ply thickness and the angle between two adjacent layers on the developed out-of-plane stresses. All laminates were assumed to contain a 3-mm radius circular opening that comprised the curved edge. Threedimensional stress state distributions were derived using the commercially available Finite Elements MSC/NASTRAN code.
Thickness effect was studied assuming two cross-ply lay-ups with different ply thicknesses. The first was a [0/90] 2s laminate, while the second, with double ply thickness, was a [0 2 /90 2 ] s plate. The interlaminar stresses distributions across the thickness of the laminate at the curved and straight edges are presented in Figs. 2 and 3 respectively. The stress distributions are in accordance, regarding their shape, to interlaminar stress distributions presented in the literature [4, [8] [9] [10] . Their magnitude could differ from the values presented previously, due to a possible difference in the applied loading. In our case the external applied load was chosen to be 15kPa for calculations purposes, in order to develop interlaminar stresses. Dividing, for a checking, the maximum normal interlaminar stress arising at the [0/90] 2s laminate with the applied load the result is 0.3, which is of the same order of magnitude with the one presented in the literature [8] [9] . Thus, a verification of the procedure followed is made. Fig.  2 shows that the normal stress distribution at the curved edge is symmetric with respect to the laminates mid-plane, in both cases examined. It is mainly compressive and reduces in the thinner layer laminate ([0/90] 2s ). Thus it can be concluded that at the curved edge the s z will not contribute significantly to any delamination onset. Interlaminar shear stress, t yz , appears to be antisymmetric with respect to the laminate mid-plane, takes the lower values of all the three out-of-plane stresses and vanishes in the thinner layer laminate. The second interlaminar shear stress, t xz , is the highest of the three, reaching values between
Ã( 5 and 10 kPa at the outer ply interface and follows an antisymmetric behaviour with respect to the plate mid-plane. In the first case examined (thinner layer laminate) t xz shows an almost constant behaviour, at about 6.5 kPa, across the half-thickness of the laminate until the mid-plane where it goes to zero. Thicker layer laminate gives rise to higher t xz (about 10 kPa) which, soon after goes to negative values and vanishes at the ply centre. The high values of t xz at the thicker laminate support the conclusion that this is the worst case. Regarding the straight edge interlaminar stresses as presented in Fig. 3 , similar observations to the curved edge can be drawn. s z is symmetric to z = 0, while could cause delamination in thicker layer laminate. Shear stresses both now take high values, although the worst case remains the thicker ply laminate. The free edge effect appears to be strongly depended on the ply thickness with the thicker laminates to reveal higher stresses. This could be explained by taking into account the fact that the interlaminar stresses arising across the thickness of the ply are mainly due to the mechanical properties differences between the plies. Thus, is assumed that the thicker layers give space for the development of the interlaminar stresses, while the thinner play a constrained role.
The effect of the angle between adjacent plies on the size of arising interlaminar stresses was studied using seven composite systems of the [±q] 2s general type, while q was taken values between 0° and 90° as described. The results for all the stress components at both the curved and straight edges are presented in Figs. 4 to 9 s z at both curved and straight edges show a symmetric behaviour with respect to the z = 0. Its magnitude at the straight edge is much lower than at the curved edge, where it presents an increasing trend until the q = 45° case decreasing afterwards, while at the straight edge is mainly compressive except from the q = 45° laminate t yz is proved to be the lower of the three stress components with symmetric behaviour at the curved edge (except of the q = 0°c ase) and antisymmetric at the straight edge. At the curved edge it reaches a maximum for the q = 60°l aminate, while at the straight edge the maximum is shown for q = 30°. The second shear stress component, t xz , appears similar behaviour, regarding its distribution shape, with the t yz , although it takes significantly higher values at the curved edge. The maximum value of t xz , appear when q = 60° and for both edges.
A comparative plot of the interlaminar stresses dependence with the angle between two neighbouring plies as resulted from the above mentioned diagrams is presented in Fig. 10 . In the diagram, the maximum stresses resulted from both the thickness effect and the angle effect studies as a function of the interface angle (angle between the interface bounding plies orientations) are presented. It can be seen that the interlaminar stresses are low for the angles between 0° and 30°, increase afterwards reaching maximums for the angles between 60° and 120° and then decrease. Thus, the most prone to delamination onset angles vary between 60° and 120°. This remark values for all three stress components, although the higher stresses are the normal, s z , and the shear stress t xz .
CONCLUSIONS
The scope of this study was to calculate the arising interlaminar stresses in a composite laminate containing a stress concentration location in the form of a 3 mm-radius circular notch and subjected to combined thermal and compressive mechanical loading, in order to examine the effect of design details, like the ply thickness and the angle between two adjacent plies on the stresses values and distributions. The out of plane Poissons ratio, which plays a dominant role in the development of interlaminar stresses has been calculated according to a semi-empirical model. The results of this examination hope to be used as a reference in the stresses elimination effort aiming to reduce interlaminar damage development in the form of delamination onset and growth. The problem was solved numerically using the commercially available MSC/NASTRAN finite elements analysis code.
Examining the thickness effect on the interlaminar stresses rise at cross-ply laminates it has been proved that at both the curved and straight edge the most important stress component is the interlaminar shear stresses t xz and t yz . The most prominent lay-up for delamination onset (due to t xz at the curved edge or due to combined stresses at the straight edge) proved to be the one comprised of thicker layers.
The effect of the angle between two adjacent layers was studied using angle-ply laminates of the [±q] 2s general type, where è varied between 0° and 90°. It was concluded that the most prone to high interlaminar stresses angle are from 60° to 120°, with the 60° and 120°, corresponding to [±30] 2s and [±60] 2s lay-ups, being the worst.
Interlaminar shear stresses are equally crucial for delamination initiation to the normal one. Relevant literature [11] [12] shows that the delamination initiation is a result of a combination of all three interlaminar stresses. The curved edge due to the presence of stress singularity has been proved to give rise to higher interlaminar stresses than the straight edge. Compressive applied load in x y plane can produce both tensile and compressive interlaminar stresses. Delamination owes in both compressive and tensile interlaminar stresses, especially in the presence of dynamic applied load (fatigue). The stress distributions calculated and described in this work can be used for further study of free edge effect in composite laminates. They can also be used as an additional factor in designing with these materials in order to increase the life of structural components.
